insulinomas and nonfunctioning pancreatic NEN, and decreased in ileal and bronchopulmonary NEN with increasing MIB-1 rate. MIB-1 levels were identified, above which GIP receptor levels were consistently high or low. These MIB-1 levels were clearly different from those defining tumor grade. In grade 3 NEN, GIP receptor levels were always low, while sst2 levels were variable and sometimes extremely high. Conversely, sst2 expression correlated more frequently with tumor stage than GIP receptor expression, with metastasized NEN showing higher sst2 levels than localized tumors. Conclusions: sst2, a clinically crucial molecular target, shows variable and unpredictable expression in NEN irrespective of tumor grade. Therefore, each NEN should be tested for sst2 if clinical applications with somatostatin analogs are considered. Conversely, the potential future role of GIP receptors as molecular targets in NEN may be dependent on the MIB-1 level.
rarity, heterogeneity with respect to site of origin and hormone production, slow growth and progression, and metastatic potential. However, biological characterization of individual tumors is significantly improved by determining specific prognostic and predictive markers.
Important prognostic factors for NEN are tumor grade and stage. The grade is based on the proliferative activity of the tumor assessed by the mitotic rate or by Ki-67 immunohistochemistry. The stage reflects tumor size, invasiveness, and presence of nodal and distant metastasis, and is described in the TNM classification. Both grade and stage correlate well with prognosis [1] [2] [3] . They are essential criteria for a standardized patient management [4, 5] as well as represent a basis for the comparability of clinical studies. Therefore, various comparable consensus guidelines for the grading and staging of NEN were developed in the last years, such as those by the ENETS, NANETS, WHO, and AJCC [6] [7] [8] [9] [10] , and have been widely adopted since.
Lately, particular attention has been paid to the proliferative index assessed by Ki-67 immunohistochemistry as a marker of tumor biology and prognosis. Indeed, the Ki-67 index has been shown to strongly correlate with survival [3, 11] . However, its value is limited due to interlaboratory and interobserver variability in the Ki-67 assessment [12] and a potential sampling bias in small biopsy specimens. Likewise, the significance of tumor grade may be limited since tumor grade is defined by arbitrary Ki-67 cutoff values used for tumor grading [13] , and grade 2 tumors comprise a large spectrum of Ki-67 positivity rate, ranging from 2 to 20%. NEN are also characterized by the high expression of peptide hormone receptors. These are markers predictive of the suitability of an individual tumor for an in vivo targeting with radiolabeled peptide analogs for imaging and therapeutic purposes [14] . Of importance, the success of peptide receptor targeting of NEN strongly correlates with the amount of tumoral peptide receptors. Clinically best established is targeting of somatostatin receptors, which are typically expressed at high levels and in high incidence in NEN [15, 16] . A promising new candidate for such a NEN targeting with radioactive compounds is the gastric inhibitory peptide (GIP) receptor which was only recently found to be universally overexpressed in gut and lung NEN [17] . In vivo GIP receptor targeting of tumors was successful in animals in xenografted tumors expressing GIP receptors [18] , but has not yet been tested in human patients.
Although it is known that somatostatin and GIP receptors are widely expressed in gut and lung NEN, a systematic correlation between quantitative levels of these predictive markers and the proliferative index as a biological and prognostic marker has, to our knowledge, not yet been performed. At present, it is generally assumed that high-grade tumors are not suitable for somatostatin receptor targeting because of a low somatostatin receptor incidence and density [5, 19] . Somatostatin receptor imaging is, therefore, recommended only for grade 1 and 2 tumors, but considered optional for grade 3 tumors [20] . However, published objective data to support a generally low somatostatin receptor expression in tumors with high proliferative rates are scarce. Likewise, it is unknown if somatostatin and GIP receptor expression levels also correlate with proliferation in grade 1 and 2 tumors or with metastatic behavior. Therefore, the aim of the present study was to compare somatostatin and GIP receptor levels measured quantitatively by in vitro receptor autoradiography in resected tumor specimens with the immunohistochemical proliferative index and tumor stage in common gut and lung NEN. Since NEN represent an anatomically and biologically heterogeneous tumor group, NEN of different sites of origin and with different hormone production were analyzed separately.
Materials and Methods

Tumors
A total of 114 NEN of gastroenteropancreatic and bronchopulmonary origin were investigated. These included 20 ileal NEN, 17 nonfunctioning pancreatic NEN, 53 functioning pancreatic NEN (40 insulinomas, 5 gastrinomas, 3 glucagonomas, 5 VIPomas), 1 duodenal gastrinoma, and 23 bronchopulmonary carcinoids. All tumors were primaries except for 5 cases, which included liver metastases of an ileal NEN, a nonfunctioning pancreatic NEN and a VIPoma, as well as lymph node metastases of an insulinoma and a bronchopulmonary carcinoid. The majority of the tumors had been analyzed previously for peptide receptors [17, [21] [22] [23] [24] . In particular, GIP receptor expression of most cases has been published previously [17] , except for 4 cases. The remaining tumors had been collected newly at the Institute of Pathology of the University of Bern. Informed consent was obtained from all patients. The study collection conformed to the ethical guidelines of and was reviewed by the Institutional Review Board.
Tumor grade of the gastroenteropancreatic NEN was determined using MIB-1 immunohistochemistry according to Rindi et al. [6, 25] (grade 1: MIB-1 ≤ 2%; grade 2: MIB-1 >2-20%; grade 3: MIB-1 >20%). Bronchopulmonary carcinoid tumors were graded similarly, although the immunohistochemical proliferative index is not yet established for grading NEN at this site [26] . Where available, the TNM stage was retrieved from the patient records. Tumors were divided into those without evidence of metastasis (N0 M0) and those with nodal and/or distant metastases (N+ and/or M+).
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In vitro Somatostatin Receptor and GIP Receptor Autoradiography
In vitro autoradiography for somatostatin and GIP receptors was carried out as described previously [17, 27] . Briefly, 20-μm-thick cryostat sections of tumor tissues were incubated with either for 2 h at room temperature. Nonspecific binding was assessed by incubating serial tissue sections with the radioligand in the presence of excess cold peptide. Then, the slides were exposed to Kodak films Biomax MR ® for 7 days at 4 ° C. Radioligand binding to the tumors was analyzed in correlation with morphology using corresponding hematoxylin and eosin-stained tissue sections. Radioligand binding densities were measured in dpm/mg tissue using [28, 29] as well as a computer-assisted imaging system (Interfocus, Mering, Germany). Due to saturation of radioligand binding to receptor binding sites in the tissues, the maximum binding density value measurable with the method was 10,000 dpm/mg. Radioligand binding densities <1,000 dpm/mg tumor tissue were considered to correspond to low tumoral receptor levels, densities between 1,000 and 3,000 dpm/mg to moderate receptor levels, and densities >3,000 dpm/mg to high receptor levels [17] . In the case of somatostatin receptors, density levels above 3,000 dpm/mg were expected to be high enough for positive somatostatin receptor imaging, based on previous comparative data [24, 30, 31] .
MIB-1 Immunohistochemistry
The immunohistochemical Ki-67 proliferative index of NEN was assessed using an MIB-1 antibody (Dako, Glostrup, Denmark). Frozen tissue sections of the same tumor samples subjected to in vitro receptor autoradiography were fixed in acetone and postfixed in 4% formalin. The primary antibody was applied at a 1: 50 concentration. The secondary antibody was a biotinylated goat anti-mouse immunoglobulin (1: 300; Dako). Antibody binding was visualized using the ABComplex Elite (Vector Laboratories, Burlingame, Calif., USA). Staining was carried out with 3,3 ′ -diaminobenzidine, and counterstaining with hemalum. In each case, the percentage of MIB-1-positive tumor cells was assessed by counting 2,000 tumor cells.
Statistical Evaluation
Linear regression analysis and the Spearman's rank correlation coefficient r 2 were used to correlate the MIB-1 proliferative index with autoradiographic receptor density levels, and the p value was calculated using Student's t test. Fisher's exact test and Student's t test were applied to compare receptor incidences and densities between N0 M0 and N+/M+ tumors. p ≤ 0.05 was considered to be statistically significant.
Results
Proliferative Index and Somatostatin and GIP Receptor Expression in NEN
The MIB-1 proliferative index as well as the somatostatin and GIP receptor density levels were assessed with immunohistochemistry and receptor autoradiog- 2 Low receptor density: <1,000 dpm/mg; moderate receptor density: 1,000 -3,000 dpm/mg; high receptor density: >3,000 dpm/mg. Gastrointestinal NEN in General Looking at all NEN of gastrointestinal origin, tumors with an MIB-1 proliferative index ≤ 20% frequently showed a high expression of both sst2 and GIP receptors, with a lower incidence but higher mean density of the former. The incidences amounted to around 70% for sst2 and reached 100% for GIP receptors. Moreover, both sst2 and GIP receptors were expressed at high density levels (i.e. >3,000 dpm/mg tumor tissue, expected to be high enough for clinical applications) in over half of the tumors with MIB-1 positivity <2% and 59 and 74%, respectively, of cases with an MIB-1 proliferative index between 2 and 20%. In 7 gastrointestinal NEN, the MIB-1 proliferative index exceeded 20%. Compared with NEN with less proliferation, these tumors generally showed lower receptor incidences (57% for sst2, 43% for GIP receptors). Remarkably, receptor density levels were still high in a subset of these tumors ( table 2 ) . This was particularly the case for sst2, which was expressed at extremely high levels in all 4 sst2-positive tumors. Conversely, GIP receptor levels were markedly reduced with increasing proliferative rates. Specifically, in NEN with MIB-1 >23%, GIP receptors were expressed at low levels (i.e. <1,000 dpm/mg tumor tissue) or were completely absent.
Ileal NEN Separate analyses of individual subgroups of gastrointestinal NEN were also performed. Ileal tumors were thus found to generally express both sst2 and GIP receptors in high incidence and high density. However, the GIP receptor density levels progressively declined with increasing MIB-1 positivity, which was statistically significant (r 2 = 0.276; p = 0.017). In particular, all tumors with an MIB-1 positivity rate ≥ 16% showed low densities of or were completely negative for GIP receptors. In contrast, 1 of the 4 ileal NEN with MIB-1 ≥ 16% still exhibited a very high sst2 density. Nonfunctioning Pancreatic NEN Also in nonfunctioning pancreatic NEN, tumors with an MIB-1 proliferative index ≤ 20% showed high expression of both sst2 and GIP receptors, whereas a single case with MIB-1 >20% was completely receptor negative. Receptor density levels were extremely high, even higher than in ileal NEN. There was an insignificant trend for an increase in receptor density levels with increasing MIB-1. In fact, in tumors with an MIB-1 proliferative index ≥ 2%, the GIP receptor density was always high. The same holds true for sst2 in tumors with MIB-1 >5%. This is illustrated in figure 2 . In the example in the third row with an MIB-1 positivity rate of 4%, there are no detectable somatostatin receptors and GIP receptor levels just above 3,000 dpm/mg, while the tumor in the fourth row with an MIB-1 positivity rate of 16% exhibits very high levels of both receptors. 
Insulinomas
In general, insulinomas with an MIB-1 proliferative index <20% expressed sst2 at moderate incidence rates with very high mean densities, and GIP receptors at 100% incidence rates with moderate mean densities. Many insulinomas exhibited a proliferative index between 2 and 5%. In this subset of tumors, sst2 and GIP receptor expression patterns differed even more markedly. Most cases were either very strongly positive or completely negative for sst2. In contrast, there was a continuous increase in GIP receptor density levels with increasing MIB-1 positivity rate. If one outlying case (GIP receptor density 9,818 dpm/mg, MIB-1 2.5%) was excluded, this increase was even statistically significant (r 2 = 0.3663; p = 0.017). All insulinomas with MIB-1 ≥ 5% showed high GIP receptor levels, including 2 cases with MIB-1 >20%.
Other Functioning Pancreatic and Duodenal NEN Only a few cases of other functioning NEN, including gastrinomas, glucagonomas, and VIPomas, were avail- Comparison of binding site levels (dpm/mg tissue) of sst2 (x-axis) and GIP receptors (y-axis) in individual cases. Black points: cases with comparable sst2 and GIP receptor density levels; red points: cases with high sst2 but low GIP receptor density levels; blue points: cases with high GIP receptor but low sst2 density levels. Particularly insulinomas often show disparate sst2 and GIP receptor levels. 53 able for examination. All 6 gastrinomas were strongly positive for both sst2 and GIP receptors, irrespective of the MIB-1 proliferative index. Glucagonomas showed high sst2 and GIP receptor densities in the case of MIB-1 <2%, but lower receptor levels when the MIB-1 positivity rate ranged between 2 and 20%. Conversely, VIPomas with an MIB-1 proliferative index between 2 and 20% expressed both sst2 and GIP receptors at high levels. A single VIPoma with MIB-1 >20% exhibited a very high sst2, but a low GIP receptor density.
Bronchopulmonary NEN Bronchopulmonary NEN expressed sst2 at lower incidence rates than the majority of gastrointestinal NEN, but often in high densities. Conversely, they expressed GIP receptors at high incidence rates, but in more variable densities. In fact, GIP receptor density levels progressively declined with increasing MIB-1 positivity, which was statistically significant for the cases with MIB-1 >2.5% (r 2 = 0.2656; p = 0.007). In bronchial NEN with MIB-1 ≥ 8%, GIP receptor density levels were always moderate or low.
Tumor Stage and Somatostatin and GIP Receptor Expression in NEN
In 75 of the 114 NEN (66%), data on TNM stage were available. For further analysis, these cases were subdivided into two biologically and clinically distinct groups, namely those without evidence of metastasis (N0 M0) and those with nodal and/or distant metastases (N+/M+). Results are summarized in table 1 .
In gastrointestinal NEN, the incidences of both sst2 and GIP receptors were generally high in metastasized cases, except for glucagonomas, where the sst2 incidence amounted to only 50%. When comparing N+/M+ tumors with N0 M0 tumors, receptor incidences were either equally high or higher, but never lower in the former. This was particularly the case for the sst2 incidences in nonfunctioning pancreatic NEN and insulinomas, which were prominently higher in the metastasized cases. Likewise, mean receptor density levels were almost always similarly high or higher in N+/M+ compared with N0 M0 tumors, the only exception being gastrinomas where GIP receptor densities were slightly reduced in metastasized cases. In bronchial NEN, sst2 incidence was moderate in N0 M0 tumors and higher in N+/M+ cases, while the sst2 density levels were high in both tumor groups. In contrast, GIP receptor density levels were fairly high in nonmetastasized cases, but showed a reduction in N+/M+ tumors.
However, differences in receptor incidences and density levels between N0/M0 and N+/M+ tumors did not reach statistical significance in any investigated tumor subgroup.
Comparison of sst2 and GIP Receptor Levels in NEN
The binding site density levels of sst2 and GIP receptors were also compared with each other in the individual tumors. The data are shown in figure 3 and are illustrated with typical examples in figure 4 .
In ileal NEN, the majority of the cases expressed sst2 and GIP receptors at comparable levels: both receptors were present in similarly high or low density or were completely negative in the same tumor specimen. In only 2 tumors (marked in red in fig. 3 ) were sst2 levels markedly higher than GIP receptor levels, while 3 cases (marked in blue in fig. 3 ) showed a considerably stronger GIP receptor than sst2 expression.
Likewise, in nonfunctioning pancreatic NEN, most cases expressed both sst2 and GIP receptors at high levels. Only 2 tumors showed a considerably stronger GIP receptor than sst2 expression, and the reverse was seen in a third tumor.
Conversely, in insulinomas, the sst2 and GIP receptor expressions were often not congruent. Many of the cases with high sst2 density levels expressed low amounts of GIP receptors (red in fig. 3 ). This is also illustrated with a typical example in figure 4 (first row). On the other hand, many tumors virtually negative for sst2 showed moderate or high GIP receptor density levels (blue in fig. 3 ).
Most gastrinomas, glucagonomas, and VIPomas expressed sst2 and GIP receptors in comparable density. One of these cases, a gastrinoma, is depicted in figure 4 (middle row). Only single cases (one glucagonoma and one gastrinoma) showed high GIP receptor levels in the absence of sst2 expression.
Of the investigated bronchopulmonary NEN, 5 cases with only low or no GIP receptor expression showed high to very high sst2 levels. Conversely, most cases completely negative for sst2 expressed GIP receptors in low to moderate density. One such case is shown in figure 4 (last row).
Discussion
In the classification of gastrointestinal NEN, emphasis has been put on a simple and uniform grading and staging system in recent times as the basis for prognostication, standardized therapy, and clinical studies. Indeed, tumor grade and stage correlate very well with biologic behavior. At the same time, it becomes apparent that peptide hormone receptors like somatostatin receptors, crucial molecular targets in NEN, exhibit a differential expression in these tumors which does not uniformly match with grade, stage, or the proliferative index. In the present study, this was for the first time systematically analyzed for sst2 and GIP receptors in a large selection of gastrointestinal and bronchopulmonary NEN. In summary, a number of possible peptide receptor expression patterns were identified in various NEN subgroups. These patterns differed depending on tumor type and site of tumor origin and also correlated partially with the MIB-1 index. Such sst2 and GIP receptor expression patterns are only emerging and will eventually have to be confirmed in a larger number of tumors.
First of all, the case collection reflects known typical features of peptide receptor expressions in NEN [14, 17] . Both sst2 and GIP receptors showed high incidences and densities (i.e. >3,000 dpm/mg) in gastrointestinal NEN, but lower expression levels in bronchopulmonary NEN. Furthermore, sst2 generally exhibited higher density levels than GIP receptors, while GIP receptors were expressed at higher incidence rates. Finally, the expression of both receptors was generally reduced in NEN with an MIB-1 proliferative index above 20% compared with tumors with lower proliferation. In grade 3 NEN, GIP receptors mostly showed no or low expression levels (density levels <1,000 dpm/mg), whereas the sst2 expression was more often high.
Beyond that, peptide receptor levels were for the first time found to either increase or diminish progressively with growing proliferative rates. This was usually apparent in only a part of the proliferative spectrum and was frequently found for GIP receptors, while sst2 was more often expressed at random. Specifically, significant increases or trends for increases in GIP receptor levels with higher proliferative indices were present in grade 1 and 2 nonfunctioning pancreatic NEN and in insulinomas with MIB-1 positivity between 2 and 5%. Conversely, a progressive decrease in the GIP receptor expression with higher proliferation was observed in ileal and bronchopulmonary NEN. In contrast, for sst2, only an insignifi-cant trend for increased levels with higher MIB-1 expression was found in grade 1 and 2 nonfunctioning pancreatic NEN.
Moreover, MIB-1 levels were observed in several NEN types above which peptide receptors showed consistently high or low densities. Of importance, these MIB-1 levels were not equivalent to those which defined tumor grade. They were exclusively seen for GIP receptors, but not for sst2. Specifically, GIP receptor levels were always high in insulinomas with MIB-1 ≥ 5%, but consistently low in ileal NEN with MIB-1 ≥ 16% and in bronchial NEN with MIB-1 ≥ 8%. While the absolute values of these various MIB-1 levels are only observations in one study population, they illustrate that tumor grade itself, defined by arbitrary MIB-1 cutoff levels and comprising a large MIB-1 spectrum, does not match with peptide receptor expression.
In the same context, sst2 expression levels in highgrade NEN with MIB-1 fractions above 20% are noteworthy, even though only a small number of tumors could be analyzed due to the rarity of these cases [19] . In fact, it has been generally assumed that grade 3 NEN consistently show low somatostatin receptor expression levels. This concept has been supported by only little data derived mainly from somatostatin receptor imaging studies [19, 32] , while it has been rarely investigated at the tissue level. The sst2 incidence of 57% collected in vitro in tumor samples in the present study is well in agreement with published somatostatin receptor imaging results. However, the present study provides important additional information by measuring sst2 density in vitro directly in tumor samples. Although sst2 densities were overall lower in grade 3 NEN compared with better differentiated tumors, they were still high in individual cases, as shown in table 2 . Tumors with such strong receptor expression can be expected to be well suited for targeted imaging and therapy. Of note, the sst2 expression in high-grade NEN was quite unpredictable in the present tumor cohort. In particular, it was independent of MIB-1 levels, tumoral hormone production, or site of tumor origin. It will clearly be worthwhile to analyze a larger number of grade 3 NEN for their somatostatin receptor expression at the tissue level.
Finally, sst2 and GIP receptor expression patterns were found to differentially correlate with tumor stage. sst2 incidences and densities were usually higher or, more rarely, similar in NEN with nodal and/or distant metastasis compared with tumors without evidence of metastasis. In contrast, GIP receptor levels were lower in metastasized versus nonmetastasized bronchopulmonary NEN, while they showed less difference in gastrointestinal NEN.
It was also interesting to compare in individual tumors the expression of sst2 with that of GIP receptors. Indeed, sst2 and GIP receptor levels were either similar or strikingly disparate in a given case. This was rather tumor specific. In ileal NEN, nonfunctioning pancreatic NEN, and functioning pancreatic NEN other than insulinomas, expression levels of the two receptors were comparable in the majority of cases. Conversely, in insulinomas and a subset of bronchopulmonary NEN, there were often substantial differences in sst2 and GIP receptor levels, with a high expression of one receptor and a low or no expression of the other.
In conclusion, although the expression of peptide receptors is a universal and highly typical feature of common gastrointestinal and bronchopulmonary NEN, it seems to differ between various tumor types and also to partially correlate with the proliferative index. The GIP receptor expression in NEN appears more often to follow a rule than the sst2 expression. At present, it can only be speculated on its biological significance. GIP receptors can stimulate insulin secretion and possibly also tumor cell proliferation [33, 34] . Accordingly, increased GIP receptor expression in insulinomas with low proliferative activity could promote insulin secretion. Likewise, in grade 1 and 2 nonfunctioning NEN it may stimulate tumor cell proliferation. On the other hand, a decrease in GIP receptor levels in ileal and bronchopulmonary NEN with growing proliferative activity may be reflective of tumor dedifferentiation. It appears that if GIP receptors play a significant biological role in NEN, this may vary between different tumor types.
As for clinical applications, the present study confirms that common NEN are good candidates for peptide receptor targeting for imaging and radiotherapeutic purposes based on the generally high peptide receptor incidences and densities (i.e. >3,000 dpm/mg). Of importance, the data underline that this accounts not only for cases with a proliferative index below 20%, but also for a substantial subset of grade 3 tumors. Moreover, they highlight the potential of multireceptor targeting directed simultaneously at both sst2 and GIP receptors as soon as GIP receptor targeting is clinically available. An additive targeting effect can be expected in ileal and nonfunctioning pancreatic NEN, which express both receptors concomitantly. Conversely, in insulinomas and bronchopulmonary NEN, where often only 1 of the 2 receptors is present in sufficient amounts, dual receptor targeting may be the method of choice, as the tumor would be missed by single receptor targeting. In terms of tumor testing, the study results emphasize the need to characterize each individual NEN for its peptide receptor expression when clinical applications are an option. The indications for in vitro tumor testing have been summarized previously [35] . At present, widespread in vitro testing is possible for sst2 since a good immunohistochemical antibody is commercially available [24] . Indeed, in vitro testing of sst2 in NEN is reasonable due to the unpredictable variations in the sst2 expression. In particular, high-grade NEN need to be tested in order to identify those cases with strong sst2 expression. We believe that in the era of personalized, targeted medicine, it is essential to gather as much information as possible on an individual tumor to be able to interdisciplinarily define the best ways of management and follow-up, especially if an inexpensive test such as sst2 immunohistochemistry is available and alternative powerful therapeutic options are scarce.
